Chronic restraint stress, psychosocial stress, as well as systemic or oral administration of the stress-hormone corticosterone induces a morphological reorganization in the rat hippocampus, in which adrenal steroids and excitatory amino acids mediate a reversible remodeling of apical dendrites on CA3 pyramidal cell neurons of the hippocampus. This stress-induced neuronal remodeling is accompanied also by behavioral changes, some of which can be prevented with selective antidepressant and anticonvulsive drug treatments. Lithium is an effective treatment for mood disorders and has neuroprotective effects, which may contribute to its therapeutic properties. Thus, we wanted to determine whether lithium treatment could prevent the effects of chronic stress on CA3 pyramidal cell neuroarchitecture and the associated molecular and behavioral measures. Chronic lithium treatment prevented the stress-induced decrease in dendritic length, as well as the stressinduced increase in glial glutamate transporter 1 (GLT-1) mRNA expression and the phosphorylation of cAMP-response element binding in the hippocampus. Lithium treatment, however, did not prevent stress effects on behavior in the open field or the plusmaze. These data demonstrate that chronic treatment with lithium can protect the hippocampus from potentially deleterious effects of chronic stress on glutamatergic activation, which may be relevant to its therapeutic efficacy in the treatment of major depressive disorder and bipolar disorder.
M
ood disorders, such as major depressive disorder (MDD) and bipolar disorder, are leading causes of disability and are recognized as chronic illnesses with significant morbidity and mortality (1) . Although multiple factors, such as stress, are implicated in the onset and time course of psychiatric illness, specific changes in brain structure and function have been identified also. For example, depression is associated with a decrease in hippocampal volume (2) (3) (4) , whereas patients with bipolar disorder are reported to have an enlarged amygdala relative to normal controls (5, 6) .
Animal models of chronic stress, such as 3 weeks of chronic restraint stress (CRS) or corticosterone (CORT) treatment, induce neuronal remodeling in the hippocampus (7), amygdala (8) , and prefrontal cortex (9) . In the hippocampus, CRS significantly decreases dendritic length and branch points on pyramidal cell neurons in the CA3 region (10) , and it suppresses neurogenesis in the granule cell layer of the dentate gyrus (DG) (11) . Under chronic conditions, stressful experiences and MDD both can lead to neuronal atrophy in hippocampus (2, 10) . In fact, treatment with antidepressants can block or reverse some measures of chronic stress and depression, influencing neuronal architecture, cell survival, and function (12) (13) (14) .
CRS triggers various molecular changes (15, 16) , such as alterations in glutamate receptor subunits (17) and increased glial glutamate transporter 1 (GLT-1) expression (18) , and it may potentially lead to excitotoxicity by means of increased synaptic glutamate levels (19) . The dendritic shrinkage in CA3 pyramidal cell neurons after CRS can be blocked by treatment with the anticonvulsant drug, phenytoin, and the antidepressant tianeptine, both of which have been shown to block excitotoxicity (20) (21) (22) . In addition, excitotoxic increases in glutamate lead to phosphorylation of cAMP-response element binding (CREB) (23) . Moreover, the transcription factor CREB is implicated in stress effects and the pathology of MDD (24) , and CREB protein mRNA levels are increased by chronic antidepressant treatment (25) . Lithium is a clinically effective treatment of mood disorders (26) , and it has been neuroprotective under various conditions, including glutamate excitotoxicity (27, 28) . Therefore, in the present study, we tested whether chronic lithium treatment (CLT) could prevent or reduce the well characterized stressinduced neuronal remodeling of CA3 pyramidal cell neurons in the hippocampus or alter these potential molecular markers of CRS.
Methods
Animals. Adult male Sprague-Dawley rats (Charles River Breeding Laboratories) weighing 250-290 g were housed in groups of three rats per cage. Animals had unlimited access to food and water except during restraint sessions. Control rats were housed in a room separately from stressed rats, and all animals were maintained on a 12:12 h light͞dark cycle, with lights on from 7:00 a.m. to 7:00 p.m. Rats were divided into four groups that include 21 days of CRS versus no stress control conditions. Rats had access to regular rat chow or chow containing Li 2 CO 3 (0.24%, wt; Harlan Teklad, Madison, WI) with supplemental saline (0.9%), beginning 14 days before the onset of stress to mimic clinical conditions (29) . All experiments were performed during the lights-on period and were approved by the institutional Animal Care Committee at the Rockefeller University, or the Canadian Council on Animal Care at McMaster University.
Restraint Stress. Animals were subjected to 21 days of CRS (6 h͞day) in the homecage, as described (30) . Each day, rats entered wire-mesh tubes with protective rubberized edges and were restrained for as minimal movement as possible throughout the stress period.
Single-Section Golgi-Impregnation Technique. At the end of the study, rats were perfused transcardially with a phosphate buffer or with 4% paraformaldehyde, and post-fixed brains were cut into 100 m-thick sections, processed, and analyzed for dendritic length and branch number according to a modified version of the rapid Golgi method described in ref. 31 . Only pyramidal cells that (i) were located within the CA3c subregion; (ii) had dark and consistent impregnation throughout the dendrites; (iii) were relative isolation from neighboring cells; and (iv) had cell bodies in middle-third of section were analyzed. For each brain, [6] [7] [8] [9] [10] [11] [12] pyramidal cells from the dorsal hippocampus (Paxinos Atlas: interaural 6.88-4.70) were traced by using a camera-lucida drawing tube and a ϫ400 objective and analyzed. Additional Sholl analysis was performed on these cells, examining each 20-m segment of the dendritic tree by using an interactive digitizing system (Zeiss).
In Situ Hybridization. Fresh frozen brains were cut into 10-m coronal sections from rostral to caudal hippocampus (Paxinos Atlas: interaural 4.18-0 mm). Tissue was prepared for in situ hybridization for the GLT-1 as described (32) (see Supporting Methods, which is published as supporting information on the PNAS web site).
Tissue Preparation and Immunohistochemical Staining. Rats were killed with pentobarbital (60 mg͞kg) and perfused transcardially with 250 ml of 4% paraformaldehyde containing 0.125% glutaraldehyde. Brains were dissected, post-fixed, rinsed in phosphate buffer, sunk in sucrose, and cut on a freezing microtome into 40-m coronal sections that were stored at Ϫ20°C in cryoprotectant. Immunohistochemistry was carried out with an Ab that recognizes the phosphorylated CREB (pCREB) (Ser-133) (Cell Signaling Technology, Beverly, MA) by using the ABC Elite kit and following the streptavidin-peroxidase method (Vector Laboratories) (33) . The peroxidase reaction was carried out with a 3,3Ј-diaminobenzidine tetrahydrochloride solution according to the manufacturer's instructions (Sigma), and sections were mounted for analysis (see Supporting Methods).
Analysis of pCREB Staining. pCREB-labeled cells were identified and counted by using a ϫ100 1.4 numerical aperture objective and a 1.4 numerical aperture auxiliary condenser lens (Nikon) to achieve optimal optical sectioning of the tissue. Cells appearing in the upper focal plane were omitted to prevent counting cell caps. Total granule cell numbers were estimated in a 1:12 series of sections at ϫ100 by using the optical-fractionator method in which 1% of the area of the granule cell layer on each section was sampled through 5 m of the section thickness by using a stack of five 1-m dissectors and a 15 ϫ 15-m dissector frame (34) . The volume of the granule cell layer was measured in each animal on the same series of sections by the Cavalieri method by using a counting grid with an area associated with the counting points of 2,500 m 2 at ϫ10 magnification.
Open-Field Exploration. The day after the last stress treatment (day 22), exploratory behavior of stress and control rats was measured in an open-field apparatus, for one 5-min trial. Rats were placed in a novel square arena (70 ϫ 70 ϫ 40 cm) made of black Plexiglas with a video camera mounted 1 m above the maze (see Supporting Methods).
Plus-Maze Exploration. On day 23, rats were placed in the plusmaze, and behavioral responses were videotaped for 5 min. Behavior was assessed in a novel elevated plus-shaped Plexiglas apparatus, consisting of two open arms and two enclosed arms (each arm 50 ϫ 10 cm). The plus-maze is an effective measure for determining the efficacy of several anxiolytic and anxiogenic drugs (35) (see Supporting Methods).
Results

The Effect of Chronic Stress and Lithium Treatment on CA3 Pyramidal
Cell Neurons. We found a significant decrease in apical length and branch points on pyramidal neurons of the CA3 subregion of the hippocampus in animals exposed to CRS. Specifically, there was a significant effect of stress on the length of apical dendrites [F(1,26) ϭ 14.75; P Ͻ 0.001]. CLT prevented the stress-induced reductions in dendritic length in the apical dendrites in the CA3 region, but it had no significant effect on its own ( Figs. 1 and 2 ). To examine the effects of chronic stress and lithium treatment more thoroughly, we performed a Sholl analysis to determine the extent of these effects along the length of the dendritic tree. Our results indicate that there is a significant effect of stress and lithium, depending on the segment of the cell analyzed. There was an interaction between stress and lithium treatment over segments in the apical [F(9,1,611) ϭ 1.89; P Ͻ 0.05] and basal [F(9,1,611) ϭ 2.45; P Ͻ 0.05] dendrites (Fig. 3) . Planned comparisons indicate that there is an interaction between stress and lithium treatment in the apical dendritic tree (peaking at 120 m away from the cell body) as well as sections of the basal dendritic tree (40-60 m away from the cell body).
The Effect of Chronic Stress and Lithium Treatment on GLT-1 Expression. GLT-1 mRNA expression may reflect an elevation in extracellular glutamate levels as a result of CRS (18) . The effect of 21 days of CRS and lithium treatment on GLT-1 mRNA expression is evident throughout many of the regions that we measured. CRS reliably caused an increase in GLT-1 mRNA expression in several regions of the hippocampus relative to the controls: CA3, DG, and the hilus (Fig. 4 , and see Table 1 , which is published as supporting information on the PNAS web site). The Effect of Chronic Stress on pCREB Staining. As reported (23) , CREB phosphorylation reflects elevated glutamatergic activity in the hippocampus. There was a significant effect of experi- Post hoc analysis using a Newman-Keuls test indicates that stressed animals had a significantly higher density of pCREB staining than controls in the CA3 (P Ͻ 0.01) and DG (P Ͻ 0.01). Moreover, CLT prevented the stress-induced increase in pCREB-stained cell density, which did not differ from controls in the CA3 (P ϭ 0.78) or the DG (P ϭ 0.59). The effects of stress were apparent without altering the total volume of the CA3 [F(3,28) ϭ 2.17; P ϭ 0.11] or the DG [F(3,28) ϭ 0.34; P ϭ 0.79]. Furthermore, CLT prevented the CRS-induced increase in pCREB expression but had no significant effects on pCREB cell density on its own in the CA3 (P ϭ 0.73) or DG (P ϭ 0.55). 
Discussion
Here, we report that the decrease in CA3 pyramidal apical dendritic length induced by CRS was prevented in animals treated with lithium, even though lithium administration did not prevent stress-induced changes in branch points or have significant effects on its own (Figs. 1-3) . Chronic stress increased two molecular markers of glutamatergic activity (GLT-1 mRNA and pCREB immunoreactivity) significantly in the CA3 region and DG (Figs. 4 and 5, respectively) . Lithium treatment prevented these stress-induced cellular and molecular changes, which depend on glutamatergic activity.
The Neuroprotective Effects of Lithium Treatment. Lithium is an effective treatment for patients with mood disorders. Lithium treatment has mood-stabilizing effects and reduces the risk of suicide (36) . The specific mechanisms by which lithium treatment stabilizes mood disorders, however, are not fully understood. CLT has been proven to be neuroprotective under various conditions such as excitotoxicity (37, 38) , status epilepticus (29) , and hypoxia (39) in cellular and intact animal models. CLT has also been shown to increase neurogenesis in the DG of the rodent brain (40). 2 . Effect of chronic stress and lithium treatment on CA3 pyramidal cell dendritic length and branch points in each experimental group. White bars, control chow (n ϭ 7); light gray bars, lithium control (n ϭ 7); black bars, stress (n ϭ 9); and hatched bars, stress with lithium (n ϭ 7). Chronic stress significantly reduced the length of apical (A), but not basal (B), dendrites. Chronic stress significantly reduced the number of branch points on the apical dendrites (C), and it had marginal effects on basal dendrites (D). CLT prevented the stress-induced decrease in apical dendritic length but did not have significant effects on its own or prevent stress effects on the number of branch points.
Lithium treatment has various effects on signal transduction, including signaling pathways that are implicated in neuroprotective mechanisms (27, 38) . Lithium treatment mediates the expression of several critical target genes downstream of these signal-transduction pathways by, for example, increasing levels of the antiapoptotic factor Bcl-2 (41) and decreasing levels of the proapoptotic factor p53 (37) . These data suggest that lithium treatment could be neuroprotective by preventing or reversing neuronal damage in an animal model relevant to the pathophysiology of mood disorders.
The Effect of Chronic Stress and Lithium on Glutamate Transporters.
CRS increased levels of GLT-1 mRNA expression in the hippocampus Ϸ40% in the stratum lucidum of the CA3c and the molecular layer of the DG (Fig. 4) . CLT prevents the stressinduced changes in GLT-1 mRNA expression, although it has no significant effects on its own. We have observed that CRS increases GLT-1 mRNA in the DG and Ammon's horn and GLT-1 protein levels in the CA3c region, increases that were reportedly (18) prevented by chronic treatment with the antidepressant tianeptine. The CRS-induced increase in GLT-1 protein expression in the CA3 suggests that the increase in extracellular concentrations of glutamate observed during stress (19, 42) may elicit a compensatory increase in GLT-1 expression. The ability of lithium to prevent this stress-induced increase is likely due to its ability to stabilize glutamate activity, including changes in transporter activity.
The Effect of Chronic Stress and Lithium Treatment on the pCREB. CRS significantly up-regulates pCREB expression in the hippocampus, whereas CLT prevented the effects of the stressor on pCREB expression (Fig. 5) . Patients with mood disorders are reported to exhibit abnormalities in brain intercellular signal transduction (43) . Specifically, altered cAMP signaling has been implicated in bipolar disorder, MDD, and suicide victims, and it is a target for antidepressant and mood-stabilizing treatments (44) . Also, CLT is reported to decrease pCREB immunoreactivity in rat cerebral cortex and in the CA1 and CA3 regions of the hippocampus, whereas CREB immunoreactivity was unchanged (33) . However, there is evidence to suggest that the Ab used here has nonspecific effects (H. Manji, personal communication).
The expression of pCREB is induced by diverse extracellular stimuli by means of protein kinase A, extracellular signal-related protein kinase, and CaMK (45) , and it is implicated in activitydependent neuronal plasticity and neurotrophin-mediated neuronal survival (46, 47) . Transient pCREB and subsequent CREmediated gene transcription occur after exposure of glutamate Chronic stress and lithium treatment significantly altered specific areas of the apical (A) and basal (B) dendritic tree. Additionally, Sholl analysis indicates a significant interaction between stress and lithium, such that lithium treatment prevented the effect of stress in selected regions of the dendritic tree. Fig. 4 . The effects of chronic stress and lithium treatment on GLT-1 mRNA expression in each experimental group. White bars, control chow; light gray bars, lithium control; black bars, stress; and hatched bars, stress with lithium. The number of subjects per group were 12, 12, 11, and 8 in CA3 (Upper) and 12, 12, 10, and 11 in the DG (Lower). GLT-1 mRNA optical density in the individual layers of the CA3 (stratum oriens, pyramidale, and lucidum) is shown, as well as the molecular and granule layers of the DG. Lithium prevented the stress-induced increase in GLT-1 mRNA expression in the CA3 region and in layers of the DG. There were no significant effects on the cortex (see Table 1 ).
in cultured neurons and after ischemic insult in adult gerbil hippocampal neurons (23) . This increase in pCREB expression has been interpreted as an N-methyl-D-aspartate-type receptordependent protective response against metabolic stresses (23) . Given that the neuronal remodeling induced after CRS can be prevented by blocking the actions of excitatory amino acids using or N-methyl-D-aspartate receptor inhibitors (10), a similar role for pCREB is implicated in neuronal remodeling.
The Effect of Chronic Stress and Lithium Treatment on Behavior.
CRS is reported to induce deficits in hippocampal-dependent tasks such as spatial learning and memory performance (48) , which, like neuronal remodeling, can be prevented by inhibiting glucocorticoid secretion (10) . Some of these hippocampaldependent stress effects have been prevented with antidepressant treatment (49) . In contrast to the reversible dendritic atrophy of hippocampal pyramidal neurons, chronic immobilization stress, which is similar to CRS, results in a dendritic hypertrophy in the amygdala (50), a region implicated in the expression and neuroendocrine control of emotion (51) . Furthermore, CRS is reported to increase aggression between cagemates (30) and facilitate conditioned fear and fearfulness in the open field (52, 53) .
Measures of fear and anxiety in the open field and the plus-maze were altered significantly by stress, but CLT did not prevent these effects of stress (Table 2 and Fig. 5, see Fig. 8 , which is published as supporting information on the PNAS web site). It is possible that lithium prevents stress-induced effects on the hippocampus but not the amygdala. Given the neuroprotective effects of lithium treatment on hippocampal neurons, a hippocampal-dependent task (e.g., contextual or classical conditioning) may be more sensitive to the protective effects of lithium treatment against CRS. Our behavioral-anxiety measures conflict with other reports (54) that lithium prevented swim stress-induced impairments on open field behavior; it is possible that by using a much larger, elevated open field for a significantly longer test trial would have been more sensitive to the effects of lithium here as well.
Many of the behavioral measures noted above are altered by stress-induced changes in CORT levels. The hypothalamicpituitary-adrenal axis also has a critical role in neuronal atrophy in the hippocampus (55, 56) , but CORT plasma levels are known to habituate to the stressor quickly by the end of the 21-day treatment (10) . It has been reported (57) that clinically sufficient lithium prophylaxis does not necessarily prevent intermittent hypothalamic-pituitary-adrenal axis dysregulation after stressful experiences; thus, lithium treatment was not expected to disrupt CORT levels here, although a shift in hypothalamicpituitary-adrenal axis activity earlier in the stress treatment cannot be eliminated. These data support the postulation that there are specific downstream effects of chronic stress, some of which are associated with changes in glutamate, may be mediated by lithium treatment, and may underlie changes in morphology, whereas others are not.
Chronic Stress and the DG-CA3 Circuit. The proximal segments of the apical dendrites of CA3 pyramidal cell neurons are associated with complex spines, or excrescences, which receive mossyfiber input from granule cell neurons of the DG (58) . Neural activity from the entorhinal cortex activates mossy-fiber projections from the DG to the CA3 pyramidal region and is proposed to mediate dendritic remodeling in that region (7) . The DG-CA3 pathway is the primary excitatory afferent to the hippocampal region inferior where glutamate is the major neurotransmitter (59) . In addition, CA3 pyramidal cells excite other CA3 neurons by means of recurrent projections (60, 61) .
Restraint stress has been reported to elevate extracellular glutamate levels in hippocampus (19) , which may be the stimulus for elevated GLT-1 mRNA expression (18) . The data presented here indicate a significant interaction between CRS and CLT on dendritic morphology in the CA3, as well as GLT-1 and pCREB expression in the CA3 and DG. The cells in the CA3 region are reported to synapse back onto neurons in the DG and produce an excitatory bursting of activity known as sharp waves, which are thought to drive the reorganization of synaptic vesicles within the mossy-fiber terminals, excitatory input onto the CA3 pyramidal cell neurons, and subsequent neuronal remodeling (62) . Lithium prevented the stress-induced neuronal remodeling, as well as the increase in GLT-1 mRNA expression and pCREB expression in both the CA3 region and the DG. Together with the lithium effects on seizure-induced mossy-fiber sprouting (29) , these results suggest that the CA3-DG feedback loop may be a primary site of action for the therapeutic effects of lithium. Our data indicate that CRS significantly alters apical dendritic length as well as branch number in both the apical and basal dendrites of CA3 pyramidal cell neurons. The neuronal remodeling of CA3c pyramidal cell dendrites during CRS, glucocorticoid exposure, or psychosocial stress have all proven to depend on excitatory amino acid activity (10, 21) . It is interesting to note that the effects of glutamate activity parallel the effects of stress on learning in the literature. Mild stress exposure is reported to facilitate many types of learning, but it can lead to learning deficits under extreme conditions, presumably because of its effects in the hippocampus and the amygdala (63) . This inverted ''U'' relationship may be tied to a similar relationship between glutamate and excitotoxic effects in limbic regions. During learning, glutamate accumulates in the synapse, binds to receptors, activates N-methyl-D-aspartate-type receptors (which mobilizes free cytosolic calcium and allows it to enter the neuron), and activates long-term changes in synaptic plasticity associated with learning and memory (64) . Lee et al. (64) suggest that, at high concentrations, glutamate no longer functions as an excitatory neurotransmitter but rather as an excitotoxin, potentially resulting in more permanent damage to neurons. The therapeutic actions of CLT on the dendritic tree may depend on the ability of lithium to stabilize glutamate and, thus, prevent the neuronal remodeling of dendrites and the dysregulation of glutamate receptors. The ability of CLT to up-regulate and stabilize glutamate uptake has been demonstrated in presynaptic nerve endings in mouse cerebral cortex (27) . The specific mechanism 5 . Effect of chronic stress and lithium treatment on the density of pCREB staining in the CA3 and the DG. Chronic stress increases pCREB staining significantly in both regions. CLT prevented the stress-induced increase in pCREB-stained cell density, which did not differ from controls. activated here by CRS and CLT remains a point of interest and examination.
Summary and Conclusions. These results emphasize the neuroprotective role of lithium treatment in selective hippocampal regions and the relevance of this animal model to the pathophysiology of mood disorders. Mood disorders are associated with cell loss in specific layers, and such a reduction in hippocampal volume may be important for the outcome of these disorders. CLT may, therefore, have specific effects that block dendritic remodeling, an ability that is shared with a few agents, such as tianeptine and phenytoin. These data provide supportive evidence of a link between the neuroprotective and therapeutic properties of CLT and advocate the usefulness of the CRS model in the examination of the pathophysiology of mood disorders.
